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Abstract 
Early skill development often occurs without the presence of a skilled instructor, or in settings where the skilled mentor is unable 
to provide prolonged one-to-one instruction and guidance. Interactive textiles are offering new scope for novice training. New 
textile sensors, such as strain sensors, are enabling measurement in a way that allows real-time feedback stimuli in diverse 
training and competition environments. The goal of this study was to explore the potential of a wearable interactive garment to 
provide rhythmic auditory biofeedback to augment the learning of a novice in a setting where there is no expert guidance. An 
“interactive sleeve” placed on the shooting arm provided auditory information in the form of drum beats to participants if they 
were successful in approximating a certain range of movement at the elbow and wrist during the execution of a modified netball 
shooting skill. It was thought that this form of biofeedback would provide a learning advantage relative to a control group who 
completed the same task wearing the garment with the biofeedback function disabled.  Twenty-two secondary school children 
(16±1 years) with limited to no previous netball or basketball free throw shooting experience participated voluntarily in this 
study. It was found that the interactive sleeve intervention group improved their throwing accuracy relative to the control group 
and that this was due to the use of the interactive sleeve. The effect of the interactive sleeve on throwing technique and learning 
is discussed. 
© 2009 Published by Elsevier Ltd. 
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1. Introduction 
Early skill development often occurs without the presence of a skilled instructor, or in settings where the skilled 
mentor is unable to provide prolonged one-to-one instruction and guidance. The provision of augmented information 
to a learner is a critical element of any skill acquisition setting. In recent years technological developments have 
meant there are a variety of devices and new opportunities for the manner in which information can be provided to a 
learner [1]. However, research supporting the efficacy of the applications developed has not necessarily kept pace 
with the technical innovations being utilised [2]. One particular setting where this is apparent is the usage of real-
time, biofeedback devices. 
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Auditory biofeedback can present new information related to spatial and/or temporal aspects of movement. For 
example, the “Intelligent Knee Sleeve”, a lightweight fabric sleeve worn around the knee that incorporated a 
polymer-coated textile sensor, was used to train athletes to increase their knee flexion when completing dynamic 
landing movements [3,4]. The textile sensor detected knee displacement angle, at a pre-set knee displacement angle 
an audible tone was emitted to signal that an appropriate knee angle had been achieved. An 8% increase in knee 
flexion angle was reported relative to participants who completed an identical landing training condition that did not 
provide the auditory feedback. While the improvement was not found to be statistically significant it was considered 
functionally important in the prevention of knee injuries from landing [4].  
A combination of anecdotal [5] and experimental evidence within the modelling literature [6-9] suggests that 
various forms of temporal modelling are useful for the learning of skills that require timing rhythm, for example a 
golf swing or basketball/netball shot on goal. The typical experimental design has involved participants being asked 
to reproduce the timing of relatively simple linear position tasks after practice with and without the provision of 
auditory information defining the movement’s timing. Collectively the findings suggest that auditory biofeedback 
information can facilitate motor skill performance by providing the learner with a reference of correctness [9] 
particularly in relation to the relative timing of the movement sequence [6]. 
The aim of this study was to examine the influence of an auditory interactive biofeedback device that provided 
temporal and spatial information to a novice group learning a modified netball shooting skill without guidance from 
a skilled mentor.  
2. Experimental setup 
Twenty-two secondary school children (16±1 years, 13 male, 9 female) with limited or no previous netball 
shooting or basketball free throw shooting experience participated voluntarily in this study.  The mandatory ethics 
approval and parental consent were obtained. The task was designed so that it was novel, expedited the learning 
process, and allowed direct comparison between the kinematic measures recorded and fed back to the subjects and 
their shooting performance. The task was to shoot a size 4 (smaller) netball, from  a seated position (chair height = 
0.45m), 1.50m in front of a standard netball ring 2.16m above the ground, see Figure 1a. All testing and training was 
completed in an indoor testing environment.  
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Figure 1. a) Photo of task  b) Interactive model c) Location of trigger points and sounds in a 2m netball throw. 
A wearable device, dubbed the ‘interactive throwing sleeve’ (ITS), was used to monitor and assist technique 
development. The ITS combines a nylon lycra long arm sleeve with two embedded strain sensors (located on elbow 
and wrist) with a custom wireless electronic unit (40 x 40 x 12mm, located on forearm) sampling at 500Hz to stream 
kinematic information in real-time to a nearby computer. The performance and utility of the ITS has previously been 
validated and reported in [10]. The ITS was used with customized logging and auditory feedback software 
developed using National Instruments LabVIEW™ suite running on a PC with Windows XP®. The system provided 
auditory feedback with a latency of 19 +/- 5 ms.  Each subject under took a kinematic calibration process, using a 
protractor to correlate sensor readings with wrist and elbow rotation, immediately prior to every throwing session.  
The subjects were asked to throw with an interval of 4s (an assistant returned the ball to the thrower) and the system 
captured the throw data to file via the wireless link. 
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The trial procedure was provided to four different session operators in four different locations as a standard set of 
instructions and included a standard task description script that was read to subjects and a video of a performer 
successfully completing six repetitions of the shooting task. The shooting accuracy was rated by the operators using 
the scale used by Button et al. [11] (see Table 1) and logged as part of the software user interface after each throw.  
Table 1: Throw Classification by Button, MacLeod, Sanders and Coleman (2003) [11].
Type / Rating Description 
1 Ball misses ring completely  
2 Ball hits outside of the rim and bounces away  
3 Ball hits on top of the rim; would fall in or out of the ring  
4 Ball hits on inside of the rim and falls through ring  
5 Ball passes cleanly through the ring without touching (a ‘swish’) Task Success 
The auditory feedback consisted of two related rhythmic audio samples. They were triggered by preset sensor 
angles which were chosen to draw attention to the elbow and wrist motion.  Rhythmic audio samples were used as it 
was thought that this would influence the temporal aspects of a subject’s throw technique. The audio trigger settings 
used for the biofeedback group were uniquely calibrated for each subject in each session. The interactive 
biofeedback provided the learners with a common reference and connection with a model throwing technique.   
Preliminary exploratory work with elite athletes, guided the choice, placement and the tempo of the rhythmic 
audio samples. It suggested that dance beats and tempos of the order of 120bpm were pleasing to the athlete and had 
potential to assist in throwing.  For this study a percussive 123bpm beat pattern was used. The first audio sample 
(duration 0.485s) had a bass drum sound (B1, 0s) followed by two high-hat sounds (h1 = 0.247s, h2 = 0.384s) 
representing aspects of the first beat of a drum pattern.  The second audio sample (duration 0.485s) had a snare drum 
sound (S2 =0s) followed by one high-hat sound (h3 = 0.244s) representing the second beat of a drum beat pattern. 
Together the two samples formed a complete two beat sequence. 
 The interactive model’s first beat rhythmic audio sample was triggered during the backward ‘loading’ motion of 
the elbow, an increase in elbow displacement from less than 90 degrees to more than 90 degrees (see Figure 1 b and 
c). The second beat was triggered by the forward wrist motion exceeding 15 degrees displacement in the latter part 
of the throw (i.e after the first sound had triggered). The rhythmic complexity of the first audio sample provided a 
snapshot of tempo that could be communicated within the bounds of the throw action (triggered first by elbow). The 
second beat completed the pattern and could lead to tempo and beat continuity, pending sample placement 
relationship to the dynamics within a participants’ action. These angles were chosen because they were common to 
reasonable technique, had suitable timing allowing sample play during throw, and were generally consistent with the 
natural throw rate.  
Both the biofeedback and control group wore the ITS and completed the same number and distribution of 
practice throws over a period of 1 week. The script and video were read and shown to subjects prior to pre-testing 
and before the first two practice sessions. Subjects were asked to throw the ball through the ring without it touching 
the sides (known as a ‘swish’, Table 1). The key difference between the experimental conditions was that the 
biofeedback group received auditory biofeedback throughout the training learning sessions whereas the control 
group did not. The biofeedback group was provided with an additional instruction, to use a shooting action that 
resulted in both drum beats being sounded as they shot the ball during training. The researchers thought that if the 
biofeedback group were successful in achieving this rhythmical series of drum beats then this would influence the 
temporal component of a subjects throwing action. No other technical instructions were given to any of the subjects.  
The study period, which included a pre-test (Pre) consisting of 10 shots, was completed on the first day without 
any biofeedback (following 5 warm up throws). This was then followed by a one-week training intervention which 
consisted of four practice sessions (S1, S2, S3, S4) completed on four different days and containing 50 throws, 200 
recorded training throws, (5 unrecorded warm up throws were provided before each training session). Following a 
two day break, a retention test was completed under the same conditions as the pre-test. At the conclusion of the last 
training session participants completed a questionnaire that detailed what explicit cues or strategies they had used to 
perform the shooting task.  
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The Wilcoxon rank-sum test was used to compare the success of the two groups (the biofeedback and control), 
with students being a random component. The Wilcoxon test was applied as it is a non-parametric test, (unlike the t-
test reported later in parentheses), and does not require assumptions about the underlying distribution since in this 
case there is not enough data to validate a model distribution. This analysis approach was chosen to limit the effect 
of those who did really well and really poorly, which may have led to a bias in the population test. Three measures 
of success were tested for each student, from the total of 9 throws in the pre and post tests: the count of those throw 
Type ranked greater than 2, ranked greater than 3 and ranked greater than 4. 
3. Results and Discussion 
The focus of this study was to utilize the precision of the ITS to understand the potential of interactive devices 
and rhythmic biofeedback to influence the throwing action. The subjects presented a range of arm shapes and sizes 
and the ITS garments fitted some subjects better than others and often was fitted differently in each session (see 
Figure 2a). In general, the trigger points [E=90deg, W=15 deg] were well within the dynamic range of the sensor on 
most subjects and were set within +/-5 degree. This meant the trigger could be reasonably well defined during 
calibration and easily activated during the throw by most subjects (Figure 2b). The throws were characterized using 
kinematic features as discussed in Helmer et al. [10], by an automated algorithm that used the maximum joint 
velocities to identify the throw event (Figure 2b).
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Figure 2. Subject I-6a) ITS Calibration for each session, b) Raw throw data post test throw 7 (Type 3).  
The three statistical analyses comparing the number of successes for the Pre and Post tests before applying the 
intervention training (where there should be no difference between the means), a comparison of the number of 
successes after applying the intervention and a comparison of the percentage improvement for each subject after the 
intervention are shown in Table 2. The numbers reported are the probability that the difference between the two 
group means is zero. The alternate hypothesis for the first and third analysis is that the mean is greater than 0 (the 
biofeedback had a positive effect) whilst that for the second (pre) test is that the difference is not zero. In terms of 
the biofeedback and control populations for success defined as scores >2 (i.e. scores of 3,4,5) we see that in the pre-
test it is possible that there were some differences between the intervention and control population, (a 75% 
probability, alternative hypothesis). Following the intervention training the difference between the two groups was 
increased (a probability of 99%, alternative hypothesis) suggesting that the sleeve had improved the performance of 
the biofeedback group relative to the control. In terms of individuals, there was a 76% chance the improvement was 
a result of the use of the interactive sleeve. For success defined as throws of Type 4 and 5 the biofeedback and 
control group appear to be the same in the pre-test with no statistically significant improvement  due to the use of 
the sleeve (the difference between the two groups does increase as a result of the treatment). There were insufficient 
numbers of Type 5 shots thrown to draw any meaningful conclusions. Overall, the rhythmic biofeedback group were 
able to throw less Type 2 and more Type 3 throws as a result of training (Figure 3a).  
a). b).
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Table 2: Wilcoxon rank-sum test (t-test in parentheses).
Analysis  Success > 2 Success > 3 Success >4 
1 Individual % Improvement  0.24 (0.23) 0.46 (0.32) 0.87 (0.85) 
2 Population Pre-test Comparison 0.25 (0.21) 1 (0.85) 0.33 (0.35) Assumed same 
3 Population Post-test Comparison 0.01 (0.03) 0.50 (0.40) 0.65 (0.55) Assumed same 
A score derived from the sum of the number of each throw type multiplied by the throw rating divided by the 
total number of throws was used as a reasonable indicator of individual task success, (R2 0.5478). The Pre and Post 
test scores of individuals are shown in Figure 3b. The Pretest scores suggested that the control and intervention 
groups had a similar range of ability but different distributions of individual skill. Not all subjects within the 
biofeedback group responded positively to the interactive intervention and it was observed that some struggled with 
the dual task of throwing a ‘swish’ and activating the audio, particularly those who scored less than 2.5.  Those with 
lower skill (pretest scores < 2.5) in the control group appeared to benefit more from the training. This suggests that 
the use of interactive devices may need to be adapted to suit individual abilities and preferences.  
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Figure 3. a) Throw Type frequency b) Individual mean test score (Pre and Post tests). 
The mechanics required to successfully achieve the primary task, to throw a Type 5 ‘swish’ from a seated 
position, were not well characterized a priori. The throw models provided in the instructional video and in the 
interactive settings acted as a common point of reference and it was left to the individual to develop a successful 
technique. Individuals adopted various seated postures and set positions for throwing. The control subjects were not 
able to consciously define any specific strategies they employed for throw optimization. The biofeeback group 
reported that they either focused on audio activation or throwing ‘swish’s at different times during the training.  
Ideally, the improvement in throwing accuracy should be evident in changes in the mechanics of the throwing 
action which were characterized using the feature set described in Helmer et al. [10]. The most accurate kinematic 
information from the ITS pertains to the temporal aspects of the throw, (the spatial aspects were field calibrated with 
low accuracy). The co-ordination of the elbow and wrist motion during throwing is indicated by the co-ordination 
time interval, tc (s) between the maximum elbow velocity, tEVmax (s), and maximum wrist velocity, tWVmax (s), i.e. 
tc = t(EVmax)- t(WVmax)        (1) 
A co-ordination time interval of elbow-to-wrist motion of the order of 0.03 to 0.07 seconds was generally more 
successful. The mean interval for task success, Type 5 throws for the entire study population was 0.05s +/- 0.026s. 
The rhythmic biofeedback intervention group appeared to have a tendency toward a slower Type 5 action across the 
training period relative to the control. The rhythmic biofeedback training led to more pronounced variations in style 
and promoted different explorative approaches to task optimization during training as evident by gross variation in tc 
from session 1 (S1) to session 4 (S4). The control group exhibited a preference for optimization that was generally 
consistent with their existing technique centered on their existing more successful throwing action where as a result 
of the training there was less variation in tc in session 4 relative to session 1. Further analysis of throw mechanics 
will be reported elsewhere. 
a). b).
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Figure 4. tc for Session 1, Session 4 and Type 5 throws (all sessions), a). Control b) Biofeedback group. 
The rhythmic biofeedback group was required to perform a dual task during training, to activate both audio 
samples and throw a ‘swish’ with their throws which typically led to an appreciable drop in performance during the 
early phase of training that was later recovered. The benefits of training with a dual task may have contributed to 
learning and improved accuracy. Whilst the interactive audio triggering may have proved challenging to the 
biofeedback group, inspection of Figure 4 suggests that the ITS did encourage greater movement exploration, which 
is associated with effective learning [12]. Consistent with an ecological approach to practice, learning is considered 
to be the process of continually searching for regions of stability within a learner’s perceptual-motor workspace with 
variability in movement dynamics seen as a functional method of enhancing this search process [13]. This pattern of 
learning was evident for the biofeedback group as they explored a variety of movement solutions to achieve the 
‘swish’ task and satisfy the temporal dynamics imposed by the ITS audio. In contrast, the lack of an audio stimulus 
for the control group meant these learners tended to settle or stabilize quite early in the learning process.  
4. Conclusion 
This study provides preliminary evidence for a general improvement in throwing accuracy (relative to the 
control) for a group of adolescent novices through the prescribed use of an interactive device without expert 
guidance. The study highlights the potential of interactive textiles to significantly affect technique development and 
accelerate learning. Whilst there is scope for improvements to fit and function across a population, the interactive 
device disclosed here has much potential for use as a field based training tool ‘as is’ and provides a benchmark for 
interactive system performance.  
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